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Effect of long-term, alternate day feeding on renal function in aging
conscious rats. To examine the renal effects of lifelong intermittent
feeding, we performed clearance and pathologic studies in 86 week old,
awake male Sprague-Dawley rats fed on alternate days (N 9) or ad
libitum (N = 8) since the age of four weeks. Alternate day-fed rats were
studied on both feeding and fasting days, and the values averaged. In
the alternate day group the clearances of inulin (Cjim) and PAH
(CpAII), factored by body wt, were higher by 23% and 27%, respectively(P < 0.05); albumin excretion (UbV) was two orders of magnitude
lower (P < 0.001) and the percentage of glomeruli with lesions was
eightfold lower (P < 0.02) than in the ad libitum-fed group. The
fractional clearances of neutral dextrans ranging in radii from 20 A to 42
A did not differ between the two groups. Compared to a previously
published study of 30 week old, alternate day-fed rats, values for
and Cp1 were similar while UatbV was higher (P < 0.025) in the 86
week old alternate day-fed rats. however, was lower (P < 0.005)
while UalbV was much higher (P < 0.001) in 86 week old, ad libitum-fed
rats than in 30 week old, ad libitum-fed rats. The results indicate that
long-term alternate day feeding preserves glomerular filtration rate
(GFR) and renal plasma flow (RPF), while glomerular permselectivity is
not completely preserved, as evidenced by an increase in microalbu-
minuria in aging awake male rats. Conversely, ad libitum feeding results
in a significant decline in GFR and probably in RPF, in association with
massive albuminuria and segmental glomerular sclerosis.
5—8]. Other than urinary protein excretion rates, however, there
is little known about the changes in giomerular function which
accompany aging, either in ad libitum-fed or, particularly, in
restricted-fed rats.
We previously observed in 30-week-old conscious, male
Sprague-Dawley rats that chronic alternate day feeding resulted
in 31% lower values for the clearance of inulin and PAH
compared to respective values in rats fed ad libitum,
although the differences were abolished when factored for body
weight [9]. The purpose of the present study was to extend
these observations to the effect of lifelong alternate day feeding
on renal function and morphology in aging rats not under the
confounding influences of anesthesia, surgery, or stress. To
accomplish this, clearance studies were performed in trained,
chronically catheterized, awake old rats. We hypothesized that
chronic intermittent feeding would preserve the filtration rate,
barrier to protein, and morphology of the glomerulus while ad
libitum feeding would result in a decline in GFR, in association
with proteinuria and glomerulosclerosis.
Methods
Animal preparation
The healthy male laboratory rat is a useful model of kidney
disease because many strains spontaneously develop protein-
uria and pathologic changes in the kidney, including glomeru-
loscierosis, with aging. Male Sprague-Dawley and Wistar rats
generally develop proteinuria around six months of age, and
increasingly severe degrees of glomerulosclerosis thereafter
[1—3]. Their average lifespan is approximately 25 months. The
causes of death are not well documented, although some rats
may die from renal failure [1, 2, 4]. Dietary restriction of either
calorie or protein intake slows growth, prolongs life, and greatly
attenuates the appearance of kidney disease in aging rats [2,
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Male Sprague-Dawley rats (Bantin and Kingman, Fremont,
California, USA) were obtained at age four to six weeks and
begun on one of two dietary regimens. Alternate day-fed rats
were given unlimited access to tap water but fed standard chow
(Wayne Lab-Blox, Allied Mills, Chicago, Illinois, USA) only on
alternate days from 8:00 am. to 8:00 a.m. the next day. Ad
libitum-fed rats were provided water and chow continuously.
The chow composition by weight, as listed by the manufactur-
er, included 24% protein, 4.1% fat, 0.39% sodium, 0.96%
potassium, and 0.99% phosphorus. The rats were housed two to
four to a cage, kept on a 12-hour light-dark cycle, and fed the
diets for 70 to 90 weeks (mean, 81 weeks), after which surgery
and clearance studies were performed. Differences in body
weight, growth rate, and growth duration that occur as a result
of these two diets have been described for male Wistar rats [7].
These dietary regimens are identical to those described previ-
ously for rats studied after 25 weeks on the diets [9]. All rats in
the present study were received in a single shipment; this same
shipment provided 9 of the 20 rats (5 alternate day, 4 ad libitum)
in the earlier study [9].
Prior to surgery, daily food and water intake were measured
in 14 rats (8 alternate day, 6 ad libitum) for 10 consecutive days
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while housed three to four to a cage. After surgery, when body
weight had stabilized, the same measurements were repeated in
13 of the 14 rats (8 alternate day, 5 ad libitum) for one to three
days prior to clearance studies, while the rats were individually
housed.
Chronic in-dwelling catheters were positioned so that the tips
were in the aorta proximal to the renal arteries, and in the
inferior vena cava, distal to the renal veins. The distal ends
were threaded subcutaneously and exteriorized at the back of
the neck. The surgical preparation and post-surgical care were
identical to that described previously [9], except that the
vascular catheters were usually inserted through the right
internal jugular vein and common carotid artery rather than
through the femoral vessels. As before, a 3-flanged Silastic-
covered, 14-gauge stainless steel cannula was sewn into the
urinary bladder and exteriorized through the abdominal wall. At
least four days were allowed for recovery after surgery. The
rats usually lost weight for one to three days after operation;
mean body weight at the time of study was 9.5% less than body
weight at surgery (alternate day feeders, 11.1% less; and libitum
feeders, 7.9% less; difference between the groups, NS). The
rats were not studied unless they were active and their weight
was stable or increasing. All animals were accustomed to the
experimental Plexiglass restraining cage prior to study.
Experimental procedures
A total of 43 clearance studies were performed on 17 rats.
Twenty-one studies in 14 rats included the fractional clearance
of neutral dextrans. Alternate day-fed rats (N = 9) were studied
on one to three occasions after feeding days (total, 14 clearance
studies) and on one to two occasions after fasting days (total, 14
studies). After feeding days, the alternate day-fed rats were
studied only if the body weight was stable or increased com-
pared with the previous day's body weight, presumably con-
firming that the animals had eaten. The ad libitum-fed rats (N =
8) were studied one to three times (total, 15 studies) concur-
rently with the alternate day group. The fractional clearance of
neutral dextrans was determined in seven of the nine alternate
day-fed rats after both a feeding day and a fasting day (total, 14
studies) and in seven of the eight ad libitum-fed rats (total, 7
studies). Experiments were conducted in each animal during a
one to two week period between 9:00 a.m. and 5:00 p.m.
Each rat was placed in the restraining holder, and the arterial
catheter connected to the pressure transducer and monitor
described previously [9]. A baseline blood sample (140 l) for
hematocrit (Hct) and plasma inulin and para-aminohippurate
"blank" was obtained from the arterial catheter. The venous
catheter was connected to an infusion pump (Model 903,
Harvard Apparatus, Willis, Massachusetts, USA) set to deliver
a solution of 4.8% polyfructosan (inulin, American Critical
Care, McGaw Park, Illinois, USA) and 0.6% sodium p-
aminohippurate (PAH, Merck, Sharp & Dohme, West Point,
Pennsylvania, USA) in 0.9% saline at 8 pi/min/100 g body wt.
(This infusion rate resulted in plasma PAH levels of 2 to 3
mg/dl.) The bladder cannula was unplugged, rinsed with 1 to 2
ml sterile water, and used to collect urine in preweighed
oil-filled cups. After an equilibration period of 45 to 60 minutes,
three successive timed clearance periods were carried out, the
duration of each period ranging from 15 to 25 minutes depend-
ing on urinary flow rate. Urine was collected continuously while
blood samples (210 pi) were obtained two to three minutes
before the midpoint of each period. In preliminary studies in
which two rats were given a small intravenous or intraarterial
bolus of '4C-inulin, the delay in time until appearance of the
radioisotope in the urine was approximately three minutes.
In a fourth clearance period (15 to 20 mm), the fractional
clearance of neutral dextrans was determined. Neutral dextran
T10 (Pharmacia Fine Chemicals, Inc., Piscataway, New Jersey,
USA) was titriated (Amersham Corp., Arlington Heights, Illi-
nois, USA; specific activity 1.1 tCi/mg, radioactive concentra-
tion 2 jCi/jl) according to the method of Chang et al [101.
Immediately after the third clearance period, the rat was given
an intra-arterial bolus (of 0.45 ml) containing 3H-dextran 12
Ci, carboxyl 14C-inulin (New England Nuclear, Boston, Mas-
sachusetts, USA) 4 MCi, and heparin 200 , in 0.5% saline
followed by an infusion of 3H-dextran 0.05 pCi/tl and '4C-inulin
0.00625 pCi/tl in 0.8% saline at 20 p1/mm. Three to five minutes
after the bolus injection, continuous withdrawal of arterial
blood into a I ml syringe at 30 p1/mm was begun. To correct for
blood-to-urine delay time, urine collection was begun three
minutes after the start of blood withdrawal, and ended three
minutes after the termination of blood withdrawal. The contin-
uous 3H-dextran infusion was used to stabilize plasma levels,
and the blood was continuously sampled to obtain a mean
plasma level for each dextran molecular size with respect to the
mean urinary levels obtained from continuous urine sampling.
At the conclusion of each experiment, the red blood cells
collected during blood sampling were resuspended in heparin-
ized saline and infused into the animal.
When the clearance studies were completed, the kianeys
were perfused-fixed in vivo (under intravenous methohexital
anesthesia), by retrograde aortic infusion at 120 mm Hg pres-
sure of 10 ml of heparinized saline followed by 50 ml of 2.5%
glutaraldehyde in 0.09 M cacodylate buffer (pH 7.4). The
kidneys were removed, stripped of perinephric fat and capsule,
weighed, and refrigerated in the same fixative. They were
processed for light microscopy by paraffin embedding and
stained with hematoxylin/eosin and the periodic-acid Schiff
technique.
The thoracic and abdominal organs were inspected in all
animals. One ad libitum-fed rat was discarded when metastatic
cancer in the liver and peritoneal cavity was discovered at
autopsy.
Analytical techniques
Urine volume was measured gravimetrically. Urine and
plasma inulin, PAH, sodium and potassium, and urine creati-
nine were measured by standard techniques described previ-
ously [9]. Urine total protein was determined by the Bradford
Coomassie blue dye-binding method [11], and plasma protein
was determined by refractometry (Model 10400, American
Optical, Keene, New Hampshire, USA). Urine and plasma
albumin were measured by an enzyme-linked immunosorbent
assay using peroxidase-conjugated anti-rat albumin IgO fraction
antibody from rabbit (Cappel, Malvern, Pennsylvania, USA),
0.1% o-phenylenediamine, dihydrochioride in 0.1 M sodium
citrate containing 0.03% hydrogen peroxide as the catalytic
substrate, rat albumin (Cappel) as the standard, and a micro-
plate autoreader (Model MR 600, Dynatech Instruments, Inc.,
Torrance, California, USA). In brief, 50 p1 of standard or
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sample was placed in plastic microplate wells (polyvinyl, Amer-
ican Scientific Products, Sunnyvale, California, USA) for 75
minutes to allow antigen binding, and removed; 200 d of 5%
non-fat dry milk in phosphate-buffered saline (PBS) was added
for 15 minutes to block non-bound sites, and removed, the wells
were rinsed with 200 d PBS twice; 50 pi of the peroxidase-
conjugated antibody, diluted 1:1000, was placed in the wells for
45 minutes and removed. The wells were rinsed with 200 l PBS
three times; and then 50 pl of the substrate was added. The
colorimetric reaction was stopped after approximately five
minutes by adding 10 l of 0.1 M sodium azide, and optical
density determined at 490 nm. All samples were assayed jn
triplicate. The assay was linear in the range of 0.8 to 10 j.g
albumin/mi. Urinary albumin concentration was below the limit
of measurement in six samples from the alternate day group.
Duplicate samples (10 d) of urine and plasma were analyzed
for 14C-inulin radioactivity by liquid scintillation counting
(Packard Tricarb Spectrophotometer Model 2425, Packard In-
struments Co., Inc., Downers Grove, Illinois, USA). The
dextrans of varying molecular size were separated by column
chromatography using Sephacryl S-200 Superfine gel (Phar-
macia) in a 100 x 1.6 cm column (Model K16/100, Pharmacia)
with 0.01 54 ammonium acetate containing 0.003 M sodium
azide, and buffered to pH 7.0, as the eluent. Void volume was
determined with blue dextran (Pharmacia). The column was
calibrated with inulin (J. T. Baker Chemical Co., Phillipsburg,
New Jersey, USA) and dextran T10 and T40 (Pharmacia),
which have average molecular weights of 4600, 9400, and 41,000
Daltons, respectively. The fractional volumes available to each
test solute (KAy) were calculated and plotted against the log of
the given molecular weights, yielding a linear relationship [10].
Einstein-Stokes radii were calculated from the molecular
weights [10]. One hundred l of urine or plasma were mixed
with 200 jl eluent and chromatographed. Eluted fractions of 2.5
or 5.0 ml, corresponding to blanks and to dextrans of radii 20 to
42 angstroms (A), were collected with an automatic fractionator
(Model FC-80, Gilson Medical Electronics, Inc., Middleton,
Wisconsin, USA). Two ml of each fraction was mixed with 8 ml
Aquasol (New England Nuclear) in counting vials and the
3H-dextran and 14C-inulin in each fraction counted for 10
minutes. Appropriate corrections for background and crossover
and calculation of the fractional clearances of dextrans were
made using an IBM XT computer.
The clearance of inulin and PAH and the urinary excretion of
protein and albumin were calculated for each of the three
periods and averaged. The fractional excretion of sodium and
potassium was determined only during the first clearance peri-
od. The fractional clearances of dextrans were calculated as the
urine-to-plasma ratio (UIP) for each molecular size 3H-dextran
divided by the U/P 14C-inulin obtained from column chroma-
tography. The U/P 14C-inulin calculated from the chromatogra-
phy data was not different than that calculated from nonchro-
matographed samples from the same fourth clearance period
(67.0 6.4 vs. 69.0 5.6, respectively, N = 20).
The total number of glomeruli (first observer) and the number
of damaged glomeruli (second observer) were counted in one
mid-coronal section of each kidney on coded slides. Neither
observer was informed as to the identity of the animal from
which each slide was made. "Minor" glomerular lesions were
defined as mild insudative lesions, including periodic acid-Schiff
(PAS) positive droplets in epithelial cells (hyaline cap), or mild
mesangial expansion without segmental sclerosis. Segmental
sclerosis was defined as a gross increase in mesangial matrix
with segmental obliteration of the glomerulus often with depo-
sition of hyaline material and local adhesions to Bowman's
capsule. The number of damaged glomeruli was expressed as a
percentage of the total number of glomeruli for the two kidneys
from each rat. The total number of glomeruli counted per rat
ranged from 525 to 929 [alternate day group 711 30 (N = 7),
ad libitum group 751 52 (N = 7), difference NS]. Abnormal-
ities of the interstitium, tubules, and blood vessels were as-
sessed qualitatively (second nonblinded observer). One kidney
from each of two rats in the alternate day group, and both
kidneys from one rat in the ad libitum group were not assessed
as a consequence of poor fixation.
Statistical techniques
Group means were calculated from an average value for each
rat. In the alternate day-fed rats, the average of the feeding and
fasting values was used for comparison with the ad libitum-fed
group. Two-tailed unpaired or paired t-tests were used to assess
the statistical significance of observed differences between
groups. Bonferroni's adjustment for simultaneous comparison
of multiple independent variables was applied to the unpaired
comparisons [12]. A logarithmic transformation of the urine
protein and albumin excretion data was analyzed because of the
large variability encountered [12]. Correlation between varia-
bles within a group was assessed using simple linear regression
analysis. The null hypothesis was rejected when P < 0.05.
Values are expressed as mean SE.
Results
Food intake and growth
By age 71 weeks, cumulative mortality was 13% (2/16) in the
alternate day group and 27% (4/15) in the ad libitum group.
Before surgery, at age 77 weeks, the mean food and water
intake in eight alternate day-fed rats on feeding days was 41 g
and 59 ml, respectively, while mean water intake on fasting
days was 12 ml. Mean daily food and water intake in six ad
libitum-fed rats was 26 g and 36 ml, respectively. Thus, over a
48-hour period, aging nonoperated alternate day-fed rats in-
gested 21% less food but approximately the same volume of
water as ad libitum-fed rats (41 g vs. 52 g and 71 ml vs. 72 ml,
respectively). The difference in total food intake was reflected
in a 17% lower mean body weight for the alternate day group
compared to the ad libitum-fed group (533 g vs. 646 g, respec-
tively). Similarly, kidney weight was 21% less in the alternate
day group, so that kidney weight factored by body weight was
not different between the groups (Table 1). These differences
are slightly less than those reported previously for 30-week old
rats [9].
After the vascular and bladder catheterization surgery, mean
food and water intake in the eight alternate-day fed rats on
feeding days decreased to 22 g and 36 ml, respectively, while
mean water intake on fasting days increased to 19 ml. Average
weight gain after feeding was 9 g (Table 1), whereas prior to
surgery it was 22g. Mean daily food and water intake in five ad
libitum-fed rats fell to 17 g and 32 ml, respectively. Thus the
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Table 1. Renal function in 86-week old rats
Body
wt
Kidney
Wt Hct Ph P MAP Cjrn,, Cpajjmi/mini mi/mini Im/
Group g % gidI mm Hg mI/mm 100 g body wt mI/mm 100 g body wt Cp
Alternate day X 473 3.604 41.3 6.1 3.1 117 4.54 0.964 16.5 3.50 0.28
N = 9 SE 0.156 0.9 0.1 0.1 2 0.34 0.072 1.0 0.22 0.01
Ad libiturn X 584 4.535 41.5 6.8 2.6 122 4.58 0.784 16.0 2.75 0.30
N = 8 SE 0.115 0.8 0.2 0.2 3 0.30 0.042 1.5 0.28 0.02
P, Alt day <0.001 <0.001 NS <0.05 <0.05 NS NS <0.05 NS <0.05 NS
vs. Ad lib
Alternate day
Feeding X 476 41.3 6.0 117 4.94 1.04 17.6 3.70 0.28N = 9 SE 1 0.45 0.09 1.1 0.24 0.02
Fasting 467 41.2 6.3 117 4.13 0.891 15.3 3.31 0.27N = 9 SE 0.9 0.1 2 0.26 0.065 0.25 0.23 0.01
P, feeding <0.01 NS NS NS <0.025 <0.025 <0.25 <0.05 NS
vs. fasting
Values are mean sa.
Abbreviations are: Hct, hematocrit; Ph, PMI,, plasma protein, albumin; MAP, mean arterial pressure.
surgery caused a reduction in food and water intake of both A
groups, despite their healthy appearance at the time of study.
Renal fraction
In the alternate day group, the clearances of inulin (Cj11)
and PAH (Cp), when factored by body wt were higher by
23.0% and 27.3%, respectively, than in the ad libitum group (P
<0.05, Table 1). The absolute (that is, unfactored) values were
not different between the groups despite the greater body and
kidney sizes of the ad libitum rats. Figure 1 depicts values of
Cinuim and for individual rats in each group. The left panel
shows that was more variable in the alternate day group
than in the ad libitum group, but that seven of the nine alternate
day-fed rats had higher values than the mean Cjuiu of the ad
libitum-fed group. The right pane! demonstrates, similarly, that
seven of nine alternate day-fed rats had higher values than
the mean value for Cp in the ad libitum-fed group. Within
each group, correlated directly with Cp: alternate
day-fed animals, r = 0.84, P < 0.005; ad libitum-fed rats, r =
0.67, P = 0.07.
Mean arterial pressure (MAP) tended to be lower in the
alternate day group than in the ad libitum group (Table 1), but
the difference was not statistically significant. Plasma total
protein concentration was significantly lower whereas albumin
concentration was significantly higher in the alternate day group
compared to the ad libitum group.
In the alternate day-fed group, Cinuiin and were in-
creased by 16.7% and 11.0%, respectively, after feeding com-
pared to the respective fasting values (P < 0.025 and P < 0.05,
respectively; Table 1). Figure 2 depicts feeding and fasting
values of and Cp for individual rats in the alternate
day-fed group. The left panel shows that C1 was higher after
feeding than after fasting in eight of nine alternate day-fed rats.
Mean values for the first and second CjrnI in the five ad
libitum-fed rats studied more than once were not different
Unless otherwise stated, any reference to renal clearances, glomer.
ular filtration rate, or renal plasma flow refers to values corrected for
body weight.
(0.765 0.047 and 0.773 0.094 ml/min/100 g body wt). As
illustrated in the right panel of Figure 2, Cp was higher after
feeding than after fasting in all alternate day-fed rats. Mean
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Fig. 1. Clearances of inuiin (A) and para-aminohmppurate (B) in indi-
vidual 86-week old rats. The alternate day-fed rats (closed circles) are
compared with the ad libitum-fed rats (open circles). Small numbers
next to each point indicate the number of clearance studies done. Group
mean values are denoted by the large closed and open circles (± SE).
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total protein concentration tended to rise (P = 0.06) with aging
in the ad libitum-fed group. Plasma albumin concentration was
not determined in the younger group.
Comparing 86-week old with 29- to 30-week old alternate-day
-
rats (Table 2), total protein excretion did not change between 29
-
weeks and 86 weeks, although albumin excretion rose from 0.04
to 0.79 jsg/min. On the other hand, in the ad libitum-fed groups,
- total protein excretion rose nearly 10-fold with aging, and there
-
was clearly a massive increase in albumin excretion as well,
since albumin excretion by itself in the 86-week old ad libitum-
- fed rats, 143 Wmin, was nearly 200 times greater than total
protein excretion, 0.8 JLgfmin, in the 29- to 30-week old ad
- libitum-fed rats.
- Table 3 compares the urinary excretion values between the
two groups of 86-week old rats. Protein excretion was eightfold
- lower and albumin excretion and the fractional excretion of
albumin were approximately 200-fold lower in the alternate day
-
group than in the ad libitum group. Albumin accounted only for
- 3% of the total protein excretion in the alternate day group, but
represented 60% of the total in the ad libitum group. There was
- wide scatter within each group in both protein excretion (alter-
________________
nate day, 6 to 85 pg/min; ad libitum, 32 to 686 Wmin) and
Fasting Feeding albumin excretion (alternate day 0.03 to 5 g/min; ad libitum,
0.2 to 400 tg/min). In the alternate day group, protein excretion
was moderately higher after feeding than after fasting (P
0.08), whereas albumin excretion was not different.
In the 86-week old alternate day group there was a significant
inverse correlation between albumin excretion and C1511 (r =
—0.89, P < 0.002). This tendency occurred in the ad libitum
group also, but the correlation was not statistically significant
(r =
—0.68,P = 0.06). Albumin excretion did not correlate with
MAP in the alternate day group, but did so in the ad libitum
group (r = 0.77, P < 0.05). There was no correlation between
albumin excretion and plasma albumin concentration in either
group.
Sodium excretion and fractional excretion of sodium (FENa)
tended to be lower in the alternate day-fed rats compared to the
ad libitum group, but the differences were not statistically
significant (Table 3). Both parameters were significantly higher
after feeding compared to those during fasting. The mean values
for the first and second FENa in the five ad libiturn rats studied
more than once were not significantly different (0.48 0.13 vs.
0.77 0.19%). Potassium excretion and FEK were not different
between alternate day and ad libitum-fed groups and tended to
be higher after feeding compared to fasting although the differ-
ences were not significant (FEK feeding vs. fasting, P = 0.06).
Creatinine excretion per 100 g body wt was not different
between the groups nor between feeding and fasting. However,
when the 30-week old rats studied previously [9] were com-
pared with the 86-week old rats in the present study, creatinine
excretion tended to decline with aging in the alternate day group
(3.0 vs. 3.4 jsg/minhlOO g body wt, P NS) and fell significantly
with aging in the ad libitum group (2.8 vs. 3.4 sg/min/100 g body
wt, P < 0.05).
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Fig. 2. Fasting and freding values for inulin (A) and para-aminohip-
purate (B) clearances in individual 86-week old rats in the alternate day
group. The fasting and feeding value in each rat is connected by a line.
Small numbers next to each point indicate number of clearance studies
done. Mean values are denoted by the large closed circles (±sE)
connected by the heavy lines.
values for the first and second CPAH in five ad libitum-fed rats
were not different (2.45 0.35 and 2.46 0.25 ml/min/100 g
body wt). Mean arterial pressure, plasma protein concentra-
tion, and hematocrit were not different between feeding and
fasting in the alternate day-fed group (Table 1).
In Table 2 the results of the present study of 86-week old rats
are compared with those of a previous study of 29 to 30-week
old rats [9]. In the alternate day-ted rats, C8,, and CPAJI were
unchanged between 29 week and 86 week. Feeding and fasting
values of and Cpj were not different, respectively,
between the two age groups either (not shown). Body weight,
kidney weight, absolute (P = 0.08) and absolute Cp all
increased by 18 to 32% with aging in the alternate day group,
while the filtration fraction (Cj 011/Cp,.) declined. Mean arte-
rial pressure and plasma protein concentration did not change
with age.
In the ad libitum-fed rats, Cjnuiin fell 25% (P < 0.005) and
CPMI fell 16% but not significantly (P = 0.15) between 30 weeks
and 86 weeks; that is, despite an increase in body weight of 7%
(P = 0.11) and in kidney weight of 11% (P < 0.05), absolute
Cinulln fell 18% (P < 0.02) and absolute Cp fell 8% with age.
The filtration fraction tended to decline, but the change was not
significant. No change occurred in arterial pressure but plasma
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Table 2. Comparison of renal function between 86-week old and 30-week old rats
Age
Body
wt
Kidney
Wt
PPr MAP
Cmin, Cpj-
c1ijpj uv UbVmi/mini mi/mini
Group wk g gIdi mm Hg mI/mm 100 g body wt mi/mm 100 g body wt p,g/min
Alternate day
N = 10 X
SE
29 389
9
3.01
0.11
6.2
0.1
119
2
3.86
0.14
0.998
0.054
12.5
0.8
3.22
0.20
0.32
0.02
28 0.04k
5 0.01
N = 9 X
SE /
86 473
12
3.60
0.16
6.1
0.1
117
2
4.54
0.34
0.964
0.072
16.5
1.0
3.50
0.22
0.28
0.01
29 0.79
9 0.54
F, 86 wk vs. <0.001 <0.001 NS NS NS NS <0.01 NS <0.02 NS <0.025
30 .rk
Ad libitumN 10
N = 8
SE
X
SE
30
86
+2
545
20
584
22
4.09
0.15
4.54
0.12
6.4
0.1
6.8
0.2
125
2
122
3
5.56
0.23
4.58
0.30
1.04
0.05
0.784
0.042
17.3
0.7
16.0
1.5
3.20
0.15
2.75
0.28
0.32
0.01
0.30
0.02
27 Not done
5
237 143
74 55
F, 86 wk vs. NS <0.05 NS NS <0.02 <0.005 NS NS NS <0.001
30 wk
Values are mean SE; N is the number of rats. The 29 to 30-week old values are taken from a previous study [9]. Abbreviations are: Ppm, plasma
protein; MAP, mean arterial pressure; UprV, UbV, protein, albumin excretion.
a Number of rats is 7; albumin excretion too low for measurement in 3 remaining rats in this group.
Table 3. Urinaty excretion in 86-week old rats
UcrV
UNaV FENa UKV FEK pg/mini UJV U
Group p.Eq/min % pEqimin % lOOg body wt g/min %
FEb
(x 10-2)
Alternate day 1.9 0.37 3.9 29.8 3.0 29 0.79 0.060N 9 SE 0.4 3.4 0.1 9 0.54 0.039
Ad libitum 2.7 0.56 3.6 28.7 2.8 237 143 13N = 8 SE 0.10 0.3 3.1 0.1 74 55 5.0
Alternate day
—
Feeding x 27b 0•47b 4.2 32.7 3.0 33 0.80 —N = 9 SE 0.6 4.4 0.1 10 0.54 —
Fasting 1.2 0.26 3.6 27.0 3.0 25 0.79 —N = 9 sa 0.08 0.3 2.8 0.2 7 0.54 —
Values are mean SE. Abbreviations are: UV, excretion rate; FE, fractional excretion; Cr, creatinine; Pr, protein; AIb, albumin.
a p < 0.001, alternate day vs. ad libitum value
b P < 0.05, feeding vs. fasting value
Table 4 Fractional clearances of neutral dextrans in 86-week old rats
Effective dextran radius A
Group 20 22 24 26 28 30 32 34 36 38 40 42
Alternate day 0.99 0.98 0.96 0.88 0.81 0.69 0.58 0.44 0.32 0.20 0.12 0.066N = 7 SE 0.03 0.03 0.03 0.01 0.02 0.02 0.03 0.04 0.03 0.02 0.02 0.012
Ad libitum 0.92 0.93 0.92 0.86 0.78 0.67 0.55 0.43 0.31 0.22 0.15 0.096N = 7 SE 0.04 0.04 0.03 0.01 0.01 0.02 0.03 0.02 0.02 0.02 0.012
Alternate day
—
Feeding X 0.92 0.93 0.92 0.84 0.78 0.68 0.58 0.45 0.31 0.20 0.13 0.071N = 7 SE 0.04 0.03 0.03 0.03 0.04 0.03 0.03 0.02 0.02 0.011
Fasting X 1.05 1.04 1.01 0.92 0.84 0.71 0.59 0.44 0.31 0.19 0.12 0.061N 7 SE 0.03 0.03 0.04 0.02 0.02 0.02 0.04 0.05 0.04 0.03 0.02 0.015
Values are mean SE.
Dextran clearances tween the alternate day and ad libitum-fed groups (Table 3), the
sieving curves for neutral dextrans were not significantly dif-
The fractional clearances of tritiated neutral dextrans with ferent (Fig. 3). The fractional clearances of neutral dextrans
effective radii 20 A to 42 A are summarized in Table 4. Despite were also not significantly different between feeding and fasting
the marked differences in protein and albumin excretion be- in the alternate day group (Table 4). The fractional clearances of
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Effective dextran radius, A
Fig. 3. Fractional clearances of neutral dextran.s as a function of
effective dextran radius in 86-week old rats. Comparison of alternate
day-fed group (—.—) with ad libitum-fed (O———O) group. Values are
mean su. U/P. urine-to-plasma ratio.
neutral dextrans with effective radii greater than 42 A, which
recent studies indicate may be particularly useful indicators of
changes in glomerular permselectivity in disease states [13—15],
were not measured.
Light microscopic semiquantitative evaluation of the kidneys
in the two groups revealed significant differences in glomerular
pathology. In the alternate day group, less than 1% of the
glomeruli had segmental or global sclerosis while in the ad
libitum group, 12.5% (range 0.2 to 29%) exhibited segmental
sclerosis and 3.7% (range 0.4 to 12%) global sclerosis (Table 5,
Fig. 4). Minor glomerular lesions such as slight mesangial
expansion and periodic acid-Schiff positive droplets in epithelial
cells were also less common in the alternate day-fed group, but
the difference was not statistically significant. The percentage
of glomeruli with lesions ranged from 0.3 to 9.3% in the
alternate day group and 0.7 to 43% in the ad libitum-fed group.
Although not quantified, there appeared to be a correlation
between pathologic changes in the glomerulus and those in the
tubule. Tubular changes included dilatation, intraluminal
hyaline casts, epithelial atrophy, and thickening of the base.
ment membrane. Interstitial infiltrates or scarring, and vascular
changes were not prominent in either group.
The total proportion of glomeruli with lesions tended to be
inversely related to and CP&JI in both groups but the
correlation was statistically significant only in the ad libitum
group for (r = —0.76, P < 0.05), but not so for Cp,- (r =
—0.69, P = 0.08). The proportion of glomeruli with lesions did
not correlate with MAP in the alternate day group, but did so in
Group
Lesion
TotalMinor
Segmental
sclerosis
Global
sclerosis
Alternate day X 1.6 0.6 0.1 2.3
N = 9 sa 0.5 0.1 0.9
Ad libitum X 2.9 12.5 3.7 19.1N 7 SE 4.4 1.8 6.6
P NS <0.01 <0.05 <0.02
the ad libitum group (r = 0.90, P < 0.01). There was a strong
correlation between the total proportion of glomeruli with
lesions and albumin excretion within each group: alternate day,
r = 0.87, P < 0.005; ad libitum, r = 0.87, P < 0.02.
Discussion
Effect ofaging on renal function
There is controversy whether GFR and RPF decline with
aging in rats fed ad libitum. The data must be interpreted in light
of factors other than aging which affect renal function, such as
gender, strain and stock of the rats studied. Male rats develop
proteinuria at age 6 to 10 months and increasingly severe renal
pathologic changes, including glomerulosclerosis, begin to ap-
pear after 12 months. Female rats, however, develop neither
abnormality [1—3J. Sprague-Dawley and Wistar rats exhibit
severe renal disease while other strains show milder changes [1,
2]. Different stocks from the same strain may differ in lifespan
and in age at onset of renal disease [4, 161 owing to genetic,
nutritional, and environmental influences. Based on previous
studies in male Sprague-Dawley rats [2, 4, 5, 16] indicating an
Table 5. Proportion of glomeruli with light microscopic lesions in
86-week old rats (in %)
1.10
1.00
0.90
0.80
0.70
D
0.50t
a-
0.40
0.30
0.20
0.10
0.60
Values are mean sa. Definitions of minor lesion, segmental and
global sclerosis, are in the text.
20 24 28 32 36 40 44
The major finding of this study is that long-term alternate day
feeding preserves glomerular filtration rate (GFR) and renal
plasma flow (RPF) as conscious male rats aged from 30 weeks
to 86 weeks. Conversely, life long ad libitum feeding results in a
significant fall in GFR, and probably in RPF, during the same
age span. Between 30 weeks and 86 weeks, absolute GFR, body
wt, and kidney wt all increased by the same percentage (18 to
22%) in alternate day-fed rats, indicating that GFR increased in
proportion to the growth of the animal. On the other hand,
during the same time span in ad libitum-fed rats, absolute GFR
fell 18% despite increases in bodywt (7%) and kidneywt (11%),
implying a deleterious effect of aging on GFR in this group.
Similarly, absolute RPF rose and RPF corrected for size did not
change with aging in alternate day-fed rats, but both values
Pathology tended to decline in ad libitum-fed rats. These findings are
further supported by comparison of the two groups at 86 weeks:
absolute GFR and RPF were not different between the groups
despite the substantially larger (20%) body and kidney size of
the ad libitum-fed rats, so that GFR and RPF corrected for size
were significantly lower in the ad libitum group. A definitive
statement about renal blood flow cannot be made based on this
study because the renal extraction of PAN was not measured,
and renal tubular changes were frequent in the old ad libitum-
fed group.
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Fig. 4. Representative glomeruli in 86-week
old rats. A. Essentially normal glomeruli from
an alternate day-fed rat. A single hyaline cap
deposit can be seen in one of the glomeruli
(arrow). B. Gross mesangial expansion,
segmental hyalinosis and obliteration, and
synechiae in glomeruli from an ad libitum-fed
rat. (PAS strain; x 250).
average mortality of 27% at age 16 months, the mean life span previous reports [20, 22—26]. Three groups of investigators [19,
of the ad libitum-fed rats in the present study is about 24 25, 26] have reported declines in GFR of 31 to 45% in evenolder
months. Body wt increases with aging in male rats until four to (24 to 38 months) male rats as well. Contrary to these results in
seven months prior to death [7, 17, 18]. Kidney wt also rises male rats, no change in GFR occurs between 6 months and 18
with aging; some investigators have found the increase is out of to 24 months in female Wistar rats [27—29].
proportion to the rise in body wt during the last 12 to 15 months The finding that RPF also decreases with aging is in agree-
of life [8, 17, 19—21]. ment with previous observations [22, 23, 26, 30, 31]. Cardiac
With the foregoing factors in mind, the present finding that output, corrected for body size, also falls with aging in male rats
GFR declines in aging male rats is in agreement with nearly all [30—33]. In two studies [30, 31], cardiac output and RPF fell by
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approximately the same percentage (41 to 47%). In female rats,
however, there was no decline in RPF or cardiac output
between 12 months and 24 months [34].
In the present study and others [22, 23, 26] in which RPF is
estimated from CPAJ-i, it must be kept in mind that the renal
extraction of PAH might change with aging and diet. The
extraction of PAH by kidney slices and the maximal tubular
transport of PAH decline with aging in male and female rats [8,
21, 27], and the decline is attenuated by dietary restriction in
male rats [8, 21], but the effect of these changes on the renal
extraction of PAH in vivo is unknown.
Effect of dietaty restriction on renal function
It is well established that dietary restriction of calories or
protein prevents the development of proteinuna and glomeru-
losclerosis in aging male rats [3, 6, 8, 18, 21, 35—37], so it is not
surprising that such regimens would also prevent deterioration
in renal blood flow and glomerular filtration. We are unaware,
however, of a previous report of the effect of long-term diet iry
restriction on GFR or RPF in aging rats. Two preliminary
reports [36, 37] indicate that a 10 to 12% protein diet preserves
GFR in aging male Wistar rats but the results are difficult to
interpret. One study [37] found absolute GFR was 8% higher in
19-month compared to 4-month old rats, but the increase in
body weight is not stated. The other report [36] concluded that
GFR was similar between 12-month- and 6-month-old rats, but
the data are not presented. The results of a recent study [35]
imply that a diet limited to 60% of the amount taken ad libitum
prevented increases in serum creatinine and blood urea nitrogen
between ages 6 and 24 months in ad libitum-fed male Fischer
344 rats.
Long-term alternate day feeding preserved not only GFR and
RPF in the aging rats but also glomerular permselectivity as
reflected by total protein and albumin excretion. Although
many studies have demonstrated that long-term dietary restric-
tion retards proteinuria in male rats, only one study [181 has
shown qualitatively that albuminuria is retarded. Since the
normal glomerulus is relatively impermeable to albumin, a rise
in urinary albumin excretion is a sensitive indicator of abnor-
malities in glomerular permselectivity, assuming that changes in
tubular reabsorption of albumin are not an important variable
[38]. In the young male rat, albumin is a very small fraction of
total urinary protein. Therefore, a significant increase in albu-
min excretion may occur prior to a detectable rise in total
protein excretion with aging [25, 39]. This point is demonstrated
by the present finding that albumin excretion increased 20-fold
while total protein excretion did not change between 29 weeks
and 86 weeks in the alternate day-fed group (Table 2). This
result indicates that long-term alternate day feeding does not
completely preserve glomerular permselectivity and suggests
that an increase in glomerular capillary permselectivity pre-
cedes a reduction in GFR with aging.
Despite a 200-fold difference in fractional excretion of albu-
min (effective radius 36A) between alternate day-fed and ad
libitum-fed 86-week old rats, fractional neutral dextran clear-
ances were not significantly different between the groups for
dextrans with effective radii 20 A to 42 A. Fractional clearances
for dextrans of radii 38 to 42 A did tend to increase in the
albuminuric ad libitum-fed group. For example, at radius 42 A,
the fractional dextran clearance was 31% higher (P = 0.10) in
the ad lib-fed group compared to the alternate day-fed group,
which suggests relative preservation of glomerular permselec-
tivity in the latter. In a preliminary report, Leypoldt and
colleagues [23] found that fractional neutral dextran excretion
at 36 A was only 31% lower (P < 0.01), but total protein
excretion was 11-fold less in four to five mo old compared to 18
to 24 month old, ad libitum-fed Sprague-Dawley rats. Previous
studies have noted similar discrepancies between the magnitude
of changes in protein or albumin excretion (large) and the
magnitude of changes in fractional dextran clearances (small)
for radii 20 to 42 A [40].
Mechanism of proteinuria with aging
The cause of the proteinuria in the aging ad libitum-fed rats is
uncertain. Factors which determine the glomerular passage of
macromolecules include molecular size, charge, and configura-
tion, and the glomerular filtration rate [40]. Changes in glomer-
ular capillary wall pore size or charge, in glomerular dynamics
or in tubular reabsorption affect the fractional clearances of
macromolecules. Recent investigations in both experimental
animal [15] and human [13, 14] disease have shown that
fractional clearances of larger neutral dextrans, radii 40 to 60 A,
may be necessary to detect size elective defects in glomerular
membrane permeability. Although this larger size range of
neutral dextran was not used in the present study, a size
selective increase in glomerular permselectivity to macromol-
ecules probably developed in the aging ad libitum-fed male rat,
in view of the massive proteinuria, its nonselective nature (only
60% of the urinary protein was albumin) [2, 18, 25, 39], and the
concomitant focal segmental glomerulosclerosis. Nonselective
proteinuria and focal segmental glomerular lesions are associ-
ated with size selective defects in glomerular permselectivity in
both rats [15, 40] and humans [13, 14].
Hemodynamic factors have been shown to affect the glomer-
ular sieving curve for neutral dextrans of radii 20 to 40 A
[10] and could play a role in discrepancies between fractional
albumin and dextran clearances, as well as in differences
between dextran sieving curves themselves. In most studies of
glomerular diseases, as in the present one, this portion of the
sieving curve tends to be depressed in the diseased group
[13—15, 40]. In addition, Arturson, Groth, and Grotte [41] found
that the dextran sieving curve for 61-year old humans was
slightly depressed compared to that for those 20 to 26 year olds.
It is conceivable that offsetting permeability and hemcsdynamic
changes account for the similarity in the dextran sieving curves
between the groups.
Mechanism of the protective effect of alternate day feeding
on renal function
The present investigation demonstrates that dietary restric-
tion preserves GFR and RPF and prevents spontaneous glomer-
ulosclerosis in aging male rats, but the protective mechanism
remains unknown. Studies in rats with extensive renal ablation
support the hypothesis that elevated glomerular capillary flow
and pressure due to ad libitum intake of protein-rich food may
cause glomerular injury [42]. Therefore, lowering of flow and
pressure in the glomerulus might be the mechanism by which
dietary restriction prevents spontaneous glomerulosclerosis
[42]. While it is clear from the present study and others [9] that
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ingestion of protein-rich food causes increases in glomerular
filtration rate and blood flow, it remains uncertain whether
these hemodynamic effects are directly injurious to the glomer-
ular. This study did not answer the important question of
whether intermittent feeding alone, without reduction in total
intake (compared to ad libitum feeding) would prevent renal
disease with aging. Such an investigation could help answer the
question of whether renal hemodynamics play a direct role in
the progression of renal disease.
Several lines of evidence indicate that food restriction is
coupled to the aging process through metabolic mechanisms.
For example, in addition to its effect on renal hemodynamics,
alternate day feeding prolongs life span, slows growth, extends
the growth period [7], increases spontaneous physical activity,
and retards other diseases in the aging rat [5, 43]. Alternate day
feeding is also associated with coincidental fluctuations in renal
cell size and renal cellular enzymes in mice [5]. The findings in
the present study and by others that increases in protein or
albumin excretion and mesangial thickening in rats are not
associated with elevated GFR [26, 44] or glomerular pressure
[45, 46], and precede declines in GFR with aging [22, 44]
suggest that metabolic factors which affect the glomerular
mesangium or capillary basement membrane may be important
in the pathogenesis of age-related glomerulosclerosis.
In conclusion, these experiments demonstrate that long-term
alternate day feeding preserves GFR and RPF as healthy awake
male rats age from 30 weeks to 86 weeks. As evidenced by an
increase in microalbuminuria, glomerular permselectivity is
largely but not completely preserved. Conversely, ad libitum
feeding results in significant declines in GFR and probably in
RPF in association with striking albuminuria, hypoalbuminemia
and segmental glomerulosclerosis.
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